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PERFORMANCE STUDY OF A PISTON-TYPE PUMP FOR LIQUID HYDROGEN 

By Arnold E. Biemann and W i l l i a m  G. Shinko 

w 
SUMMARY 

D a t a  covering t h e  performance of a low-speed, submerged, piston- 
type p m p  f o r  handling boi l ing hydrogen are presented. Tests were made 
with Jp-5 fuel ,  l i q u i d  nitrogen, and l i q u i d  hydrogen at  flows up t o  78 
gallons per minute, speeds t o  360 rpn, and with pressures t o  130 pounds 
per square inch gage. 

I The overa l l  performance of the  pimp vas s a t i s f a c t m y  with a l l  f l u i d s  
pumped. 
above t h e  pump w a s  slight. 
hydrogen and l e a s t  with Jp-5 fuel. The cavi ta t ion  losses  were s l i g h t l y  
grea te r  with nitrogen t h a  with hydroger,. The mcchmical endurance of 

application. 

The e f f e c t  on pump del ivery o f  subcooling or  of  l i q u i d  l e v e l  
Internal leakage ( s l i p )  w a s  g rea tes t  with 

t3,e p 'L~Lp ir, r t s  ~ o y , f ~ g ~ a t i o y L  >;as s a t i s f a c t o r y  f o r  iiiteiided 

INTRODUCTION 

A s  par t  of a research program involving l iquef ied  gases, a pump w a s  
required f o r  handling l iqu id  hydrogen at  pressures up t o  130 pounds per 
square inch gage and flows t o  55 gallons per minute. A f u r t h e r  require-  
ment s t ipu la ted  t h a t  the pump be capable of handling t h e  boi l ing  f l u i d  
and, f o r  reasons of sa fe ty  and control, t h a t  it be driven by a hydraulic 
motor. 

Several  types of displacement pumps were considered f o r  t h i s  appl i -  
cation. The pis ton pump w a s  se lected because of i t s  independence of 
pressure on speed, s m a l l  leakage meas, low shaf t  speeds, and low intake 
ve loc i t ies  . 

I n  the  design of the  pmp, low specif ic  bearing loads, as compared 
with standard pract ice ,  were employed i n  order t o  insure s a t i s f a c t o r y  
submerged operation of the pump i n  l iquid hydrogen. Submerged operation 
eliminates the need f o r  a separate pump housing and avoids the accompany- 
ing heat  leak t o  the  f lu id .  
the vapor t o  separate from the  l iqu id  during the induction process. 

I n  addition, submerged operation permits 

E-688 
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Leakage areas are of p a r t i c u l a r  concern i n  displacement pumps when W 

pmping l iqu id  hydrogen because of the  low v i s c o s i t y  of the f lu id .  Leak- 
age passing between p a r a l l e l  surfaces i s  inversely proportional t o  the  
viscosity.  The v iscos i ty  of l i q u i d  hydrogen i s  approximately 27  percent 
l e s s  than t h a t  of air a t  room temperature and i s  roughly 100 times l e s s  
than t h a t  of Jp-5 fuel .  Thus, the  leakage of l i q u i d  hydrogen as caused 
by i t s  l o w  v i scos i ty  w i l l  be much grea te r  than t h a t  of JP-5. 
of these high leakage poten t ia l s  it i s  important t h a t  known leakage areas 

Because 

be reduced t o  a minimum. I n  the p is ton  pump, the leakage areas a r e  small M 
as compared with the leakage areas found i n  many r o t a r y  pumps. I n  ad- D 
di t ion ,  the c i rcu lar  shape of the pis ton and cylinder provides some f r e e -  o, 

I 

o, 

dom from thermal d i s t o r t i o n  and permits a high degree of accuracy of 
fabrication. 

A preliminary study of the  subject pis ton pump i s  reported i n  
reference 1. In  t h i s  work, v i s u a l  s tud ies  of cavi ta t ion  at various 
pis ton speeds were made with a s m a l l  model pump having a g lass  cylinder. 
The m a i n  objective of these tests w a s  t o  determine by v i s u a l  and photo- 
graphic means the maximum pis ton speed as l imited by cavi ta t ion.  The 
t e s t s  also provided information regarding valve operation, i n e r t i a  ram, 
and the  e f f e c t s  of cavi ta t ion on the  subcooling of the  l iquid.  

1 

These preliminary t e s t s  indicated s a t i s f a c t o r y  pumping under boi l ing  
conditions f o r  both l i q u i d  nitrogen and l i q u i d  hydrogen. There w a s  
l i t t l e  observable difference i n  pump performance between l i q u i d  nitrogen 
and l iquid hydrogen. For the l imited conditions of the t e s t s  the  me- 
chanical functioning of the  pump w a s  sa t i s fac tory .  

Reference 1 a l s o  discusses t h e  phenomenon of subcooling by cavi ta-  
t ion ,  which w a s  obtained with l i q u i d  hydrogen and l i q u i d  nitrogen. 
disk, representing a piston, w a s  reciprocated i n  the boi l ing  l i q u i d s  
s u f f i c i e n t l y  fast t o  cause cavitation. 
cooled by evaporation through a reduction i n  pressure. 
approximately 0.6' F w a s  obtained from the  cavi ta t ion  i n  boi l ing nitrogen 
and i n  boiling water. 
hydrogen w a s  less .  I n  t h i s  connection it should be observed t h a t  sub- 
cooling of only 0.1' R i s  approximately equal t o  a head of 110 inches of 
l i q u i d  hydrogen o r  5 inches of l i q u i d  nitrogen. 

A 

I n  t h i s  manner the l i q u i d  w a s  
Subcooling of 

The subcooling obtained i n  a s imilar  manner with 

The purpose of the work reported herein i s  t o  provide more complete 
information concerning the  performance of t h i s  pump over a wider range 
of conditions than t h a t  of reference 1. The work w a s  done a t  the  Lewis 
Research Center during 1959. 



3 

APPARATUS AM> METHODS 

Piston-Type Pump 

-3 
cd 
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The pis ton pump, shown i n  figures 1 t o  5, i s  of the  bucket type, 
i n  which the  i n l e t  valves a r e  located i n  the  pis tons and the  discharge 
valves are located i n  the cylinder heads. The f i v e  pistons of t h i s  pump 
are  driven by a wobbler, 2-crank mechanism i n  which t h e  torque reac t ion  
of the  wobbler i s  taken by a ball-bearing r o l l e r  t h a t  o s c i l l a t e s  i n  a 
hardened s t e e l  guide. The cylinders a re  mounted on a p la te  t h a t  sepa- 
rates t h e  common discharge chamber f rom t h e  i n l e t  s ide  of the pump. 

P l a t e  valves of i d e n t i c a l  construction were employed f o r  both t h e  
Valve port  area f o r  each valve w a s  35 percent of i n l e t  and discharge. 

the  p is ton  area. 

The design specif icat ions of t h i s  pump are as follows: 

Rere and streke,  in. . . . . . . . . . . . . . . . . . . . .  3 by 1.5 

Total  displacement, cu in. . . . . . . . . . . . . . . . . .  53.03 

3 A n  Design speed, qm . . . . . . . . . . . . . . . . . . . . . .  L. 'tu 

Displacement a t  design speed, gal/min . . . . . . . . . . . .  55.1 

Design i n l e t  conditions . . . . . . . .  Saturated l i q u i d  with zero head 

Discharge pressure, lb/sq in. gage . . . . . . . . . . . . .  130 

Average pis ton speed, f t / s e c  . . . . . . . . . . . . . . . .  1.0 

Lubrication ( e n t i r e  pump submerged i n  pumped f l u i d )  . . . . .  None 

Tota l  p i s ton  clearance, diametrical ,  in. . . . . . . . . . .  0.002 

Operating temperature, OF . . . . . . . . . . . . . . . . . .  -430 

A d e t a i l e d  descr ipt ion of t h i s  pump presented i n  reference 1 in-  
cludes a p lo t  showing the var ia t ion  of p i s ton  movement and the ne t  v a r i -  
a t ion  of displacement with respect t o  angle of rotat ion.  

No attempt w a s  mad-e t o  balance the pump mechanism because the  de- 
s ign speed w a s  low enough t o  avoid unbalanced forces  of noticeable 
magnitude. 

The b a l l  bearings used throughout the  pump were of commercial grade 
The bearing surfaces were sprayed with (SAE 52100 s t e e l ,  nonstainless).  

a t h i n  coat of l ight penetrating o i l  t o  reduce corrosion. 
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The p a r t s  of the  pump subject t o  wear w e r e  hardened t o  Rockwell C 
of approximately 58. The cylinders,  pistons,  cylinder heads, pins, 
p i s ton  b a l l  jo in ts ,  and crankshaft were fabricated of s t a i n l e s s  s t e e l  
(AISI-304) with the  wearing surfaces commercially n i t r i d e d  . The wobbler, 
valve plates,  and frame were a l s o  fabricated of AISI-304 s tee l ;  the  d i s -  
charge cover w a s  made of AISI-347. The torque react ion guide w a s  fab-  
r i c a t e d  of AISI-4404 hardened t o  Rockwell C-58. 

Several modifications of the  spherical  bearings used at  the  wobbler 
end of the piston rod were m a d e  during the t e s t i n g  program and a r e  shown 
i n  order of use i n  the following table:  

SF'HEXICU BEARING CONFIGURATIONS USED 

B a l l  

( A )  AISI-440 s t e e l ,  
chrome plated 

( B )  SAF, 52100 s t e e l ,  
chrome plated 

( C )  SAE 52100 s t e e l ,  
chrome plated 

( D )  SAE 52100 s t e e l ,  
chrome plated 

Outer race 

AIS1 303 
s t e e l  

5 2 100 
s t e e l  

Bronze 

Heat-treated 
s t a i n l e s s  
s t e e l  with 
woven Teflon 
f iber -g lass  
bearing in-  
s e r t  bonded 
t o  outer 
race 

Remarks 

Used during a l l  preliminary t e s t s .  
Phese t e s t s  w e r e  made a t  reduced 
loads and speeds. Fai led by s e i -  
zure i n  l i q u i d  nitrogen. 

qpprox. 6 6  more bearing area than 
for (A).  
l i q u i d  nitrogen. 

Failed by seizure i n  

Same bearing area as f o r  (B) .  
with and without: 

( 1) Molybdenum d i s u l f i d e  

( 2 )  Light penetrating o i l  
Failed by seizure i n  l i q u i d  hydrogen 

Used 

lubricant  

Approx. 2 6  l e s s  bearing area than 
for (A) .  No measurable wear a f t e r  
extensive operation i n  both l i q u i d  
hydrogen and l i q u i d  nitrogen. 

Piston r ings were fabricated of Teflon compounded with a g lass  
f i b e r  f i l l e r  and were forced against  the cylinder w a l l  with s t a i n l e s s -  
s t e e l  inner rings.  

M 
I 
cn 
Q, 
Q, 

b 

1 

0 
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d Thermal d i s t o r t i o n  and d i f f e r e n t i a l  expansion problems were minimized 
by use of mater ia ls  having similar thermal expansion. charac te r i s t ics .  
Welding and brazing were avoided i n  a l l  p a r t s  involving c r i t i c a l  
clearances. 

Pump T e s t  Rig 

The apparatus used f o r  invest igat ing the  pmnp i s  shown i n  f igu res  
6 t o  8. The t e s t  pump w a s  mounted at the lower end of a ve r t i ca l - sha f t  

m e  tank w a s  buried i n  the  ground, outdoors, as shown i n  f i g u r e  6. The 
indica t ing  instruments and t h e  hydraulic power system w e r e  housed i n  an 
adjacent building. The D e w a r  w a s  provided with vent and pressur iza t ion  
cont ro l  means f o r  furnishing tank pressures up t o  55 pounds per square 
inch gage. 

;o 
r) 
D 
I housing, which w a s  flange-mounted a t  the top of a 280-gallon Dewar tank. 
4 

The pmp w a s  driven through a v e r t i c a l  s h a f t  by a f ixeddisp lacement  
(2.35 cli in. ) piston-t-ype hydraulic Iliotor momted on t h e  top  of t he  tank. 
The dr ive  shaf t  w a s  mounted on commercial b a l l  beartmgs having l a rge  
radial clearances. The shaft was sealed a t  the top  of the -bank w i t h  a 
double seal i n  which the  space between seals w a s  pressurized with helium 
t o  a value s l i g h t l y  g rea t e r  than t u &  pressure. 

I 

4 

The hydraul ic  motor ma sha f t  assembly were ca l ib ra t ed  f o r  torque 
with a prony brake i n  conjunction with d i f f e r e n t i a l  pressure measure- 
ments across the  hydraulic motor. The torque measurements obtained from 
the  ca l ib ra t ion  thus r e f l ec t ed  only the torque applied t o  t h e  pmnp and 
d id  not include t h e  bearing and s e a l  losses  of t h e  d r ive  shaf t .  

A variable-displacement pump driven by an e l e c t r i c  motor supplied 
hydraul ic  f l u i d  t o  the  hydraulic dr ive motor. 

The pump w a s  submerged i n  t h e  l i q u i d  with the  f l u i d  en ter ing  t h e  
open end of t he  pump cylinders d i r e c t l y  from the  tank. From the  pump 
the  f l u i d  passed f i rs t  through a Venturi-type flowmeter and then through 
a turbine-type flowmeter and f i n a l l y  through a remote-operated, pump- 
discharge-pressure control  valve. From t h e  con t ro l  valve the  f l u i d  w a s  
discharged through a b a f f l e  and screen arrangement t h a t  diffused the  
f l u i d  l a t e r a l l y  back i n t o  the  f r e e  l iqu id  of t he  tank of low ve loc i t ies .  

The f l o w  indicat ions from the turbine-type meter w e r e  genera l ly  i n  
agreement with those f rom the  Venturi. 
f l o w  indicat ions,  the  turbine meter was used throughout these  tests. 

Because of i t s  more cons is ten t  

The i n i t i a l  tests were car r ied  out with JP-5 f u e l  i n  a tank (not  
shown) 5 f e e t  i n  diameter f i l l e d  t o  about 4 feet  above the  pmp i n l e t .  
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Pump performance da ta  were obtained at speeds and discharge pressures 
ranging from 60 t o  360 rpm and from 30 t o  130 pounds per square inch, 
respectively. F'ump speed w a s  control led by varying hydraulic-supply- 
pump displacement. The discharge pressure of the t e s t  pump w a s  con- 
t r o l l e d  by varying the opening pos i t ion  of the  pump discharge valve. 
Liquid temperature a t  the  pump i n l e t  w a s  approximately 70° F during a l l  
tests with the  Jp-5 fuel .  Af te r  these tests, the e n t i r e  pumping system 
w a s  i n s t a l l e d  i n  the low-temperature f a c i l i t y .  

Prior t o  loading the  Dewar tank with cryogenic f l u i d s ,  the  Dewar 
and test-pump f l u i d  systems were vacuum-purged and then pressure-purged 
with helium gas. Thereafter, a s l i g h t  pos i t ive  pressure w a s  maintained 
i n  t h e  Dewar u n t i l  tes ts  were completed i n  order t o  prevent the  outs ide 
a i r  f r o m  contaminating t h e  t e s t  f lu ids .  

Pump t e s t s  with the  cryogenic l i q u i d s  were performed f o r  two l i q u i d  
states, which w i l l  be re fer red  t o  as "subcooled'l and "boiling." 

The subcooled s t a t e  i s  defined as t h e  condition i n  the  Dewar tank 1 
corresponding t o  a pressure of about 15 pounds per square inch above 
a c t u a l  sa tura t ion  pressure. This s t a t e  w a s  obtained by f i r s t  e s t a b l i s h -  
ing saturat ion conditions with the  D e w a r  vented. The vent w a s  then 
closed and the  tadk w a s  pressurized with helium t o  approximately 15 
pounds per square inch above vented Dewar pressure. The flow r a t e  w a s  
recorded m e d i a t e l y  after t h i s  pressure w a s  reached. Throughout t h i s  
procedure the pump w a s  operated at  tes t  speed and discharge pressure. 

c 

The boi l ing  state i s  defined as t h a t  condition of the cryogenic 
l i q u i d  i n  the  Dewar tank a f t e r  temperature equilibrium i s  reached with 
the  D e w a r  vented t o  atmosphere. Temperature equilibrium w a s  obtained 
with the pmp operating at tes t  conditions. Because of the  c i rcu la t ion  
of t h e  l iqu id  i n  the  Dewar by the pump, l i t t l e  temperature s t r a t i f i c a t i o n  
of t h e  l i q u i d  w a s  evident. The l i q u i d  l e v e l  w a s  allowed t o  vary over a 
range of from 3 t o  6 f e e t  above t h e  pump i n l e t  f o r  both the  "subcooled'l 
and the "boiling" t e s t  conditions. 
duced t o  a few inches above the pump t o  study the  e f f e c t  of head. 

I n  c e r t a i n  t e s t s  the  l e v e l  w a s  r e -  

RESULTS AND DISCUSSION 

I n  reference 1, preliminary t e s t s  of the  pump were f i r s t  m a d e  with 
JP-5 fuel, l i q u i d  nitrogen, and l i q u i d  hydrogen a t  lower-than-design 
speeds and pressures. The pump performance appeared sa t i s fac tory ,  and 
the  i n i t i a l  s tud ies  indicated t h a t  var ia t ion  of l i q u i d  l e v e l  above the  

d i t i o n s  on the performance of the  pump i s  reexamined i n  t h i s  repor t  with 
boi l ing l i q u i d  hydrogen and l i q u i d  nitrogen. 

pump had no appreciable e f f e c t  on performance. The e f f e c t  of i n l e t  con- Ir 

* 
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Effec t  of I n l e t  Conditions 

I w 

Effec t  of l i q u i d  level.  - With both boi l ing  l i q u i d  hydrogen and 
l i q u i d  nitrogen, the  l i q u i d  l e v e l  was  repeatedly lowered t o  pump i n l e t  - -  
level.  
unaffected. I n  a t y p i c a l  case w i t h  l iquid hydrogen, t h e  pump de l ivery  
depreciated l e s s  than 3 percent as l iquid l e v e l  w a s  reduced from 59 t o  
4 inches above the pump. During this  change i n  level ,  de l ivery  remained 
p r a c t i c a l l y  constant u n t i l  there  w a s  j u s t  s u f f i c i e n t  l i q u i d  t o  cover t h e  
i n l e t  ports .  

During t h i s  operation, pressure and de l ivery  remained p r a c t i c a l l y  

Effec t  of subcooling. - Figure 9 presents the  de l ivery  character-  
These da ta  were i s t i c s  of the  pump with boi l ing and subcooled f lu ids .  

obtained by f i r s t  operating t h e  pump in the  boi l ing f l u i d  at atmospheric 
pressure, and then with the tank pressure increased 15 pounds per square 
inch by pressurizing with helium gas. 
an average l i q u i d  height of 60 inches above the  pump. 
240 rpm, the  increase i n  del ivery of changing from boi l ing  t o  nonboiling 
hydrogen i s  approximately 4 percent. 

These tes ts  were conducted with 
A t  a speed of 

Because of the minor e f f e c t s  of l iquid height and subcooling on 
performance and because the subject pump w a s  designed f o r  submerged 
operation i n  a boi l ing l iquid,  conplete pump 2erfomance charac te r i s t ics  
were nnly oht.ahed ~ i t h  -!&e cr;.zgenic f luids  -d j&e~  boili i lg co~ydiJ~io~is .  
This information i s  presented i n  t h e  remainder of t h i s  report. Liquid 
l e v e l  var ied somewhat during these tes t s ;  however, t h i s  vasiat ion i s  
believed t o  have had l i t t l e  e f f e c t  on performance. 

Delivery and Volumetric Efficiency 

The de l ivery  of a pis ton pump i s  generally l e s s  than the displace- 
ment of the  pump because of: 
a t  the proper ins tan t ,  ( 2 )  i n t e r n a l  leakage or s l i p  through valves or 
around the  piston, and (3)  cavi ta t ion  t h a t  causes t h e  pump t o  f i l l  with 
vapor instead of l iquid.  

(1) f a i l u r e  of the valves t o  open and close 

Valve operation. - I n  the bucket-type pump, as reported herein,  
the  i n l e t  valves i n  the pis ton a r e  actuated by i n e r t i a ,  spring forces,  
and f l u i d  pressures. In order t o  avoid excessive valve pressure drop, 
the spring forces  a r e  made s u f f i c i e n t  j u s t  t o  close the  valves under 
s t a t i c  conditions. A t  the  beginning of the  i n l e t  stroke,  the  i n e r t i a  
of the valve p l a t e  serves t o  open t h e  valve port  as t h e  pis ton i s  ac- 
celerated. Af te r  midstroke, the piston decelerates  and the valve p l a t e  
tends t o  continue a t  midstroke velocity. Under these conditions alone, 
the valve would close before the  piston reached the end of the  stroke, 
and a l o s s  i n  capacity would resul t .  In t h i s  respect,  the  design 
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philosophy i s  t o  r e l y  on the  f l u i d  pressure t o  hold t h e  valve open during 
the  l a t t e r  p a r t  of the stroke. Photographs i n  reference 1 show t h a t  t h e  
valve opening period w a s  s a t i s f a c t o r y  at a l l  pis ton speeds employed. 

M 

I n  t h e  preliminary t e s t s  of the subject  pump i n  reference 1, v i s u a l  
observation of the valves indicated t h a t  the  discharge valves were clos-  
ing l a t e  because of t h e i r  i n e r t i a  and lack of s u f f i c i e n t  spring force. 
This l a t e  closure allowed back-flow i n t o  the cylinder during the intake 
stroke. The o r i g i n a l  springs were replaced with stronger ones f o r  a l l  
subsequent t e s t s  as reported herein. A s  shown i n  f igure  10, the  use of 
t h e  stronger springs increased the  de l ivery  of Jp-5 f u e l  about 4 percent. 

Piston and valve leakage. - I n t e r n a l  leakage, or s l i p ,  i n  s m a l l  
quant i t ies  i s  i n  i t s e l f  not an important factor .  I f  the  leakage l iqu id ,  
however, i s  converted t o  a gas a f t e r  passing through the  leakage r e -  
s t r i c t i o n  and i f  the gas i s  inducted back i n t o  the i n l e t  of the  pump, 
leakage becomes very important because of i t s  e f f e c t  on the volumetric 
e f f ic iency  of the pmp. Heat i s  added t o  the  l i q u i d  during the  pumping 
process and, when the leakage f l u i d  escapes i n t o  the i n l e t ,  a port ion 
can change t o  vapor. 

t 

I n  t h e  submerged bucket pump of t h i s  report ,  it i s  l i k e l y  t h a t  
some of the  leakage vapor escaped d i r e c t l y  i n t o  the tank without being 
inducted and t h a t  some of t h e  vapor w a s  condensed by i n e r t i a  ram 
pres  sure. 

Knowledge as t o  whether pump de l ivery  suf fers  from s l i p  or from 
cavi ta t ion losses  can be obtained by operating the pump with l iqu ids  
having d i f f e r e n t  v i s c o s i t y  and vapor pressures. Jp-5 fuel ,  because of 
i t s  high v i s c o s i t y  (approx. 100 times t h a t  of hydrogen) i s  subject t o  
very l o w  leakage losses.  I n  closed-discharge t e s t s  the  measured leakage 
of JT-5 through the  pump w a s  l e s s  than one-tenth of 1 percent of ra ted  
flow. The low vapor pressure of Jp-5 a l s o  r e s u l t s  i n  low cavi ta t ion  
losses.  Consequently, the  de l ivery  and volumetric e f f i c i e n c i e s  with 
Jp-5, as shown by f igures  10 and 11, are higher than with l i q u i d  nitrogen 
or l iquid hydrogen. 

Liquid nitrogen has about 10 times the v i s c o s i t y  of l i q u i d  hydrogen. 
Accordingly, the  s l i p  losses  with l i q u i d  nitrogen, as shown by the  l e f t  
s i d e  of the  curves i n  f igure  11, a r e  much l e s s  than f o r  l i q u i d  hydrogen 
but  more than f o r  JP-5. The low volumetric e f f ic iency  obtained with 
hydrogen at low speeds i s  apparently caused by s l i p ,  and s l i p  losses  a r e  
accentuated by increase of discharge pressure. 

Factors a f fec t ing  cavi ta t ion  charac te r i s t ics .  - I n  t h e  conventional # 

piston pmp, the f l u i d  i s  drawn i n t o  the  cylinder during the suct ion 
s t roke and i s  forced back out on the  re turn  stroke. During the  suction 

D 

I 
0 a a 
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stroke, the pis ton must accelerate  the f l u i d  i n  the intake system and 
then draw t h i s  f l u i d  through the  i n l e t  valve. Both t h e  accelerat ion of 
t h e  f l u i d  and i t s  passage through the i n l e t  valve cause a pressure drop 
t h a t  i s  re f lec ted  i n  the  suction performance of the pump. 

I n  the bucket-type pump, as reported herein, t h e  f l u i d  moves through 
the  cyl inder  i n  one d i rec t ion  only. 
i s  accelerated and drawn i n t o  the cylinder on the  i n l e t  s ide of t h e  
piston. 
the  cylinder. Any ve loc i ty  change i n  the  f l u i d  i s  caused by the  d i f f e r -  
ence between f l o w  area of the cylinder and t h a t  of t h e  i n l e t  valve. The 
pressure i n  the  cylinder during the i n l e t  stroke i s  thus determined by 
the  pressure drop across the i n l e t  valve alone; whereas, i n  the  con- 
ventional p i s ton  pmp, the  pressure i n  the  cylinder during the  i n l e t  
s t roke i s  a function of the  pressure drop required t o  accelerate  the  
f l u i d  column i n  addition t o  t h e  pressure drop across t h e  valve. 
f o r  comparable valve areas the  pressure reduction i n  the  cylinder of 
the  bucket-type pmp w i l l  be less, and t h e  tendency t o  cavi ta te  w i l l  be 
reduced as compared with t h a t  of the  conventional pump. 

During the  discharge stroke, f l u i d  

During the  i n l e t  stroke, the pis ton moves through the f l u i d  i n  

Thus, 

During the  discharge s t roke of a bucket-type pump, the  p is ton  move- 
ment causes f l u i d  t o  move toward t h e  i n l e t  s ide  of the  piston. This 
general  flow toward pimp i n l e t  tends t o  p e r s i s t  a f t e r  t h e  discharge 
st.r&e and i n t o  the s1xtinn s t r n k e .  b,%etk.er the w a ~ e  motion tcvard the 
piston p e r s i s t s  long enough t o  e f fec t ive ly  charge the cylinder is ,  of 
course, a function of the frequency of the wave motion with respect  t o  
the frequency of the pumping cycle. It i s  apparent t h a t  i n e r t i a  ram 
can a l s o  be detrimental  t o  charging i f  it is out of phase with the  
f i l l i n g  cycle. 

Some ins ight  i n t o  the e f f e c t s  of cavi ta t ion on pump de l ivery  can 
be obtained by pmping d i f f e r e n t  l iqu ids  at o r  near t h e i r  bo i l ing  points. 
Nitrogen, because of i ts  high dens i ty  and r e l a t i v e l y  high viscosi ty ,  
f a i l s  t o  follow the quick reversals  of a piston, and vapor pockets are 
r e a d i l y  formed i n  t h e  saturated f luid.  Consequently, the  volumetric 
e f f ic iency  with nitrogen decreases at t h e  higher speeds, as shown i n  
f igure  11. Hydrogen, because of i t s  low dens i ty  and low viscosi ty ,  
follows the pis ton movement readi ly ,  and vapor pockets a r e  not as 
r e a d i l y  formed as with nitrogen. Consequently, with hydrogen the  e f f e c t  
of pump speed on volumetric e f f ic iency  i s  not so marked. 
the  lower spec i f ic  heat of nitrogen causes boi l ing  with l e s s  heat  ad- 
d i t i o n  than for hydrogen. 

Furthermore, 

Torque and Torque Eff ic iency 

Pmp torque and torque eff ic iency were obtained f o r  the three t e s t  
f l u i d s  a t  various pump speeds and pressures, as shown i n  f igures  1 2  and 
13. The torque required with JP-5 f u e l  w a s  higher than with hydrogen 
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or nitrogen i n  s p i t e  of t h e  b e t t e r  
e f f e c t s  of volume of vapor present 

lubr ica t ing  q u a l i t i e s  of JP-5. The 
i n  t h e  cylinder on the  torque of a 

pis ton pump are  apparently so  grea t  as t o  completely overshadow s m a l l  
differences i n  f r i c t i o n .  When handling cryogenic f lu ids ,  t h e  pump cyl-  
inder i s  f i l l e d  with a saturated mixture of gas and l i q u i d  during the 
intake stroke. I n i t i a l  compression of t h e  gas on the discharge stroke 
converts a l l  gas t o  l i q u i d  with a very low pressure r i s e  and l i t t l e  ex- 
penditure of work. A t  t h i s  point de l ivery  starts and the  work performed 
during the discharge stroke i s  mainly a function of the quant i ty  of 
l i q u i d  trapped i n  the cylinder. Thus, i n  these t e s t s  torque w a s  g r e a t l y  
affected by delivery,  and the  s m a l l  d i f ferences i n  pump f r i c t i o n  with 
the  three t e s t  f l u i d s  were not e a s i l y  detected. 

M 
I 
m 
a, 
a, 

I n  f igure 1 2  the tendency of the curves f o r  Jp-5 and l i q u i d  nitrogen 
t o  r i s e  with speed i s  apparently caused by the  increase i n  drag of the  
moving par t s  of the pump from the higher dens i ty  and v i s c o s i t y  of these 
f l u i d s  as cornpazed with hydrogen. 

i 
Overall Eff ic iency 

The dependency of torque on de l ivery  makes torque e f f ic iency  an - 
inadequate c r i t e r i o n  of pump performance. The overa l l  eff ic iency,  how- 
ever, obtained by multiplying volumetric e f f ic iency  and torque e f f ic iency  
provides a good measure of torque f o r  a given deliver? ( re f .  2) .  
ure 1 4  shows the  o v e r a l l  e f f ic iency  f o r  the  three f l u i d s  tested.  A t  
240 rpm and 130 pounds per square inch, the  overa l l  e f f ic iency  i s  approxi- 
mately the same f o r  a l l  three  f lu ids .  A t  t h i s  ra ted  pressure and a t  the  
higher speeds, the  e f f ic iency  with both l i q u i d  hydrogen and l i q u i d  n i t r o -  
gen i s  generally lower than f o r  JT-5 fuel .  A t  low speeds, the high per- 
centage leakage with hydrogen apparently caused the  drop i n  e f f ic iency  
shown. 

Fig- 

Pressure Developed at Vapor-Lock Conditions 

The maximum pressure developed by a vapor-locked pis ton pump i s  the 
pressure developed by the pump act ing as a gas compressor. The maximum 
del ivery pressure of a piston-type compressor i s  obtained when the  ex- 
panded volume of gas from the  clearance volume equals the displacement 
volume. A s  long as the pressure developed by a l i q u i d  pump while pumping 
a gas i s  higher than the required de l ivery  pressure, the  pump w i l l  not 
vapor-lock completely. 

6 In these t e s t s  the  maximum pressure r i s e  across the  pump when pump- 
ing hydrogen gas w a s  approximately 40 pounds per square inch. Higher 
pressures, as l imited by vapor-lock can, of course, be obtained by de- 
creasing pis ton clearance volume; however, i n  order t o  achieve s impl ic i ty  I 
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of construction, l i t t l e  e f f o r t  w a s  made t o  obtain a minimm clearance 
volume. There i s  no indicat ion t h a t  complete breakdown of pumping w a s  
imminent with any of the  f l u i d s  tested. 
the  pump w a s  stopped repeatedly by closing the o u t l e t  shutoff valve. 
Because of heat leak i n t o  the  system, t h i s  procedure caused the  cryogenic 
f l u i d s  t o  vaporize and f i l l  the  pump with gas. No d i f f i c u l t y  or delay 
w a s  experienced i n  resuming normal pumping operation a f t e r  such stops. 

While pumping l i q u i d  hydrogen, 

Mechanical Durabili ty 

Pump wear. - After  9.7 hours of operation with JF-5 fuel ,  6.5 hours 
with nitrogen, and approximately 22.8 hours with hydrogen, t h e  w e a x  of 
ba l l  bearings, pistons,  cylinders, and p is ton  r ings w a s  very s m a l l .  
Tool marks were yet v i s i b l e  on piston r ing  surfaces. 

Mechanical fa i lures .  - The b a l l  j o i n t s  t h a t  transmit the  connecting- 
rod forces t o  the  wobbler were a primary cause of failure. 
labr ica t ion  these j o i n t s  were inad-eTdate i n  any metal-to-metal combina- 
t i o n  t r i e d  for t h e  range of loads covered during these tests. 
more severe load  conditions, these joints  ga l led  and sometimes seized. 
In  several  instances the  seizure of a b a l l  j o i n t  caused f a i l u r e  of t h e  
connecting rod. The metal-to-metal t a l l  j o l n t s  were f i n a l l y  replaced 
w i t i n  s m a l l e r  j o i n t s  Yitted wit'n a woven TeYion - f iber-glass  l i n i n g  
( see  t a b l e  on p. 4).  
signs of wem a f t e r  6.4 hours of operation, of which the  grea te r  p a r t  
w a s  with l i q u i d  hydrogen. 

Without 

A t  the  

These j o i n t s  were highly successful and showed no 

I n  several  instances the metal par t ic les ,  which were a product of 
t h e  abraded b a l l  j o i n t s ,  were inducted i n t o  the  cylinders and caused 
l o c a l  penetration of the  n i t r ided  surfaces on the pis ton and cylinder. 
This permitted the  two s o f t  s t a i n l e s s  undersurfaces t o  rub together, 
which caused l o c a l  abrasion and eventual seizure.  

One of the n i t r i d e d  cylinders was replaced with a cast- i ron cyl-  
inder  and w a s  operated i n  l i q u i d  hydzogen f o r  a short  period. A t  the  
f i n i s h  of t h i s  t e s t ,  the  cylinder was badly abraded, and the tank and 
pump surfaces w e r e  covered with a grey i ron  powder t h a t  exhibited mag- 
net ized i ron f i l i n g  pat terns  on a l l  s t e e l  surfaces capable of being 
magnetized. 

Experience now indicates  t h a t  a l e s s  vulnerable pis ton and cylinder 
combination would have been a hardened cyl inder  operating i n  conjunction 
with a pis ton f i t t e d  with s ide  t h r u s t  surfaces of Teflon. This com- 
binat ion would have permitted close cleasances without t h e  p o s s i b i l i t y  
of ga l l ing  from foreign par t ic les .  



12 

SUMMARY OF RESULTS 

From performance tests of a submerged, piston-type cryogenic pump 
t h e  following concluding remarks a re  submitted: 

1. The overa l l  performance with JT-5 fue l ,  l i q u i d  nitrogen, and 
l i q u i d  hydrogen w a s  sat isfactory.  

2. A t  240 rpm the  de l ivery  with boi l ing  hydrogen w a s  96 percent of 
t h a t  with subcooled hydrogen. Variation of l i q u i d  level  height above 
the  pump had l i t t l e  e f f e c t  on pump delivery.  

3. With the  boi l ing  f l u i d  the volumetric e f f i c i e n c y  a t  design con- 
d i t i o n s  w a s  83, 86, and 96 percent with hydrogen, nitrogen, and JP-5 
fuel ,  respectively. I n t e r n a l  leakage ( s l i p )  w a s  g rea tes t  with hydrogen 
and l e a s t  with JT-5, and explains the low volumetric e f f ic iency  with 
hydrogen. 

4. Cavitation losses  were s l i g h t l y  grea te r  with nitrogen than with I 
hydrogen. 

5. A t  design conditions, the o v e r a l l  e f f ic iency  w a s  approximately 
83 percent f o r  the three f l u i d s  tested.  

6. Mechanical d u r a b i l i t y  of t h e  pump w a s  s a t i s f a c t o r y  except f o r  
scuffing of pis tons and cylinders from foreign materials and f a i l u r e  of 
the  b a l l  j o i n t s  t h a t  connect the  wobbler and the  p is ton  rods. The l a t -  
t e r  problem w a s  resolved through t h e  use of Teflon-lined b a l l  jo in ts .  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, January 6, 1960 

1. Biermann, Arnold E., and Kohl, Robert C. i Preliminary Study of a 
Piston Pump f o r  Cryogenic Fluids. NASA MEMO 3-6-593, 1959. 

2. Wilson, W. E.: Performance C r i t e r i a  f o r  Positive-Displacement Pumps 
and Fluid Motors. Paper No. 48-SA-14, ASME, 1948. 
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Figure 1. - Sect ion through p i s t o n  pump. 
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Figure 2.  - Pump assembly with discharge cover removed as constructed 
f o r  submerged operation i n  bottom of tank. 
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Figure 5. - View showing discharge valves at bottom of 
cylinder assembly. 
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Figure 7. - Pump t e s t  assembly. 
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Figure 8. - Partial section showing pump drive-shaft housing 
and seal. 
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( b )  Nitrogen. 

43 7 ,  120 163 ?03 243 i.', 
.. 

Pul-p spied, rp r i  

( c )  J P - 5  f L e l  

Figure 10. - Pump dellvery with JP-5 f u e l ,  t o i l l n g  hydrogen, ana ~ , > > i : i n g  ! ; l t r o j i c n .  ( L ~ h t r  C U ~ Y L  for 
JP-5 i s  with original springs f o r  discharge valves. Remainder 
springs, ) 

program was r u n  w i t ) ,  s t ron&: t r  
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